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Fu et al has suggested that HM and hypervirulence are two distinct phenotypes of K. pneumoniae that should not be used synonymously. 3 Most recently, new genetic biomarkers for hvKP such as iucA located on the virulence plasmid encoding for aerobactin have been explored. 4 Hence, the precise definition of hvKP remains controversial and hypervirulence-associated determinants of K. pneumoniae required further study.
Isolates with serotypes K1 and K2 have been demonstrated as particularly virulent. 5 Compared to serotype K1 strains mainly associated with sequence type (ST) 23, K. pneumoniae strains with serotype K2 exhibited more diverse genetic types, among which ST65, ST86, and ST380 are predominant and considered to be hypervirulent clones. 6 The serotype K1 or K2 K. pneumoniae strains have not generally been associated with acquired antimicrobial resistance (AMR), but the last few years increasing reports of resistant strains, including those resistant to third-generation cephalosporins and even carbapenems, were observed. [7] [8] [9] Up to now, the AMR genes including bla CTX-M-3 , 7 bla SHV-148 , 10 bla KPC-2 , 11 and bla NDM 12 have been found in K2 serotype K. pneumoniae strains, whereas the simultaneous presence of different bla CTX-M genes in the hypermucoviscous K. pneumoniae (HMKP) of serotype K2 has never been reported.
As the application of whole-genome sequencing (WGS) in clinical microbiology extensively, the genomes of many human source K. pneumoniae have been sequenced. However, to the best of our knowledge, only five genomic sequences of serotype K2 K. pneumoniae with varied genetic backgrounds were publicly available up to now (RJF293, U25, 52.145, hvKP1, and NUHL24835). [12] [13] [14] [15] [16] In the present study, we assayed the potential virulence and characterized the genomic features of a bla CTX-M-3 and bla CTX-M-14 coharboring K. pneumoniae strain of K2 isolated from human cerebrospinal fluid (CSF). We also compared the genome sequences of KP_06 with five other K2 K. pneumoniae strains aiming to investigate the strain-specific genes. Our finding will make up our current knowledge on the evolutionary relationship between virulence and resistance in serotype K2 K. pneumoniae.
Methods
Isolates and antimicrobial susceptibility testing
The VITEK-2 compact system (bioMérieux, Craponne, France) was used to establish the strain identification and antimicrobial susceptibility testing. The results were interpreted in accordance with the guideline document M100-S28 established by Clinical and Laboratory Standards Institute. 17 The species identification of the isolate was then confirmed by matrix-assisted laser desorption/ionization mass spectrometry (Bruker Optics Inc, Billerica, MA, USA). Escherichia coli American Type Culture Collection (ATCC) 25922 and K. pneumoniae 700603 were used as quality control.
In the in vitro and in vivo virulence assessments, an HM ST23:K1 K. pneumoniae strain (KP_07), which isolated from pus of a patient with liver abscess with wild-type susceptibility profile to antibiotics, was used as the positive control. A KPC-2-producing ST11 K. pneumoniae strain, KP_36, without aerobactin-encoding genes, rmpA and rmpA2, was used as the control for low virulence as previously described. 18 
Detection of resistance mechanisms and virulence-associated factors
The ESBL genes (bla CTX-M and bla SHV ) and carbapenemase genes (bla KPC , bla NDM , bla VIM , and bla OXA-48 ) were amplified by PCR. The amplicons of β-lactamase genes were purified and sequenced in an ABI 3730 DNA sequencer (Thermo Fisher Scientific, Waltham, MA, USA). The sequences obtained were compared with those in the NCBI database using the Blast software (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
The HM phenotype was determined by "string test". Briefly, when using a bacteriology loop to stretch bacterial colony cultured on an agar plate overnight at 37°C, the generation of a viscous string of >5 mm in length was defined as positive. 19 The presence of serotype-specific genes encoding for K1, K2, K5, K20, K54, and K57 and 14 known K. pneumoniae virulence genes, including magA, rmpA, rmpA2, kfu, allS, fimH, wabG, ybtS, mrkD, uge, entB, iutA, iucA, and iroN, were assessed as previously described. 20, 21 S1 nuclease pulsed-field gel electrophoresis (s1-PFge) and southern blot hybridization
The number of plasmids and the size of the pLVPK-like virulence plasmid carried by K. pneumoniae strains were determined by S1-PFGE and southern blot hybridization. In brief, whole DNA of K. pneumoniae was subjected to S1 nuclease (Takara Bio Inc., Tokyo, Japan) digestion. Digested fragments were subjected to PFGE. Then, the gels were blotted onto nylon membranes (EMD Millipore, Billerica, MA, USA) according to standard techniques. The membranes were hybridized with digoxigenin-labeled rmpA2 probe.
growth curve assays
Growth curve was generated by diluting equal numbers of colony-forming unit (CFU) of each isolate (approximately 1×10 6 CFU/mL) in Luria-Bertani (LB) broth and incubated 
Biofilm formation assays
Biofilm formation was assessed by the method of Araújo et al. 22 A total of 1 µL of bacterial suspensions obtained from overnight culture was inoculated into 100 µL of fresh LB broth in individual wells of a 96-well flat-bottomed polystyrene plate. After 24 hours of static incubation at 37°C, the biomass was measured by crystal violet staining and acetic acid elution. The absorbance for the eluted dye was determined at OD 570 nm using the microplate reader (Synergy HT). The results were interpreted according to the criteria established by Saxena et al. 23 Each assay was performed at least three times at three occasions.
susceptibility to serum killing
The bacterial susceptibility to serum was performed as described previously. 12 Briefly, bacteria grown in LB broth were collected during the mid-log phase, then diluted to 1×10 6 CFU/mL. A total of 25 µL of the bacterial suspension were mixed with 75 µL of pooled healthy human serum in microtiter plate and then incubated in 37°C with gently shake. Serial dilutions were plated on Mueller-Hinton (MH) agar at 0, 1, 2, and 3 hours to obtain the colony counts of viable bacteria. The results were graded from 1 to 6 as described by Mei et al, 12 with grade 1 considered to be the most serum susceptibility. Each strain was tested at least three times.
Infection of Galleria mellonella larvae
Bacteria from overnight cultures were washed with PBS and adjusted to concentrations 1×10 4 , 1×10 5 , 1×10 6 , and 1×10 7 CFU/mL in PBS. Ten randomly selected Wax moth larvae (G. mellonella) weighing between 250 and 350 mg were for each isolate of each concentration. The insects were injected 10 µL of bacterial suspension via rear left proleg and then incubated in dark at 37°C. The numbers of dead insects were recorded every 12 hours for 48 hours. PBS injection controls and controls receiving no injection were used to evaluated trauma and attrition, respectively.
Wgs and data analysis
The KP_06 strain was subjected to WGS. Genomic DNA was prepared using the QIAamp DNA Mini Kit (Qiagen NV, Venlo, the Netherlands), and the whole genomic sequencing was conducted using the Illumina HiSeq 2500-PE125 platform. The low-quality reads were filtered and then assembled into scaffolds using SOAP de novo. The ST of KP_06 was identified using the Center for Genomic Epidemiology (CGE) service (https://cge.cbs.dtu.dk/services/ MLST/), 24 and the serotype was determined by querying the wzi allele using Pasteur database (http://bigsdb.pasteur. fr/klebsiella/klebsiella.html). AMR genes were identified from the genome sequences against the Resfinder (https:// cge.cbs.dtu.dk/services/ResFinder/) 25 and the Comprehensive Antibiotic Resistance Database (CARD) Version 2.0.1 (https://card.mcmaster.ca/). 26 The putative virulence factors were predicted by the Virulence Factor Database (VFDB) protein sequences of core data set (Version April 28, 2018, 2,595 genes, http://www.mgc.ac.cn/cgi-bin/VFs/v5/main. cgi) 27 and virulence genes deposited in K. pneumoniae multilocus sequence typing (MLST) database of Institut Pasteur (http://bigsdb.pasteur.fr/klebsiella/klebsiella.html) with an e-value cutoff of e −10 and an identify threshold of 60%. For comparative genomic analysis, the five available genome sequences of K2 K. pneumoniae (RJF293, U25, 52.145, hvKP1, and NUHL24835) were retrieved from the GenBank and the pairwise single-nucleotide polymorphisms' (SNPs) analysis was carried out using the CSI Phylogeny 1.4 pipeline available at https://cge.cbs.dtu.dk/services/CSIPhylogeny/. Multiple genome alignment was performed using Mauve and BRIG programs. The Shared orthologies between the six K2 K. pneumoniae strains were identified by custom python script then illustrated in network graph by using Cytoscape Version 3.5.1. Finally, the function of ortholog clusters was classified according to clusters of orthologous groups (COGs).
This Whole-Genome Shotgun project has been deposited at GenBank under the accession number QBUJ00000000. The accession numbers for the genomes of strains RJF293, U25, 52.145, hvKP1, and NUHL24835 are CP014008, CP012043, FO834906, AOIZ00000000, and CP014004, respectively.
Ethics approval and informed consent
This study was conducted in accordance with the Declaration of Helsinki, and the ethical approval was granted from the Ethics Committees and Review Board of the First Affiliated Hospital, College of Medicine, Zhejiang University. Written informed consent of this case was obtained from the patient for publication. 
Results
Patient characteristics
A 66-year-old woman was admitted to our hospital with numbness in her left lower limb for 3 days. She was accompanied by type 2 diabetes mellitus for 5 years and had a history of hypertension for 18 years. After MRI of the cervical spine and skull base, significant herniation of the cerebellar tonsils was observed, which calling for surgery intervention. Ceftriaxone 2.0 g once was given intravenous before the surgery for prophylaxis, and vancomycin 0.5 g Q8H was given after surgery for prophylaxis. The first day after surgery, the patient developed occipital headache and fever. The CSF examination is positive, with cloudy appearance, substantially increased polymorphonuclear (PMN) cells (3,200/mm 3 ; 92% segmented neutrophils and 8% lymphocytes) and significantly elevated protein level (2.66 g/L). A presume diagnosis of meningitis was made. Empiric treatment of intravenous imipenem (0.5 g Q8H) and vancomycin (0.5 g Q6H) was initiated immediately. Culture of the CSF grew K. pneumoniae, designated as KP_06. Two days later, the temperature elevation resolved and repeated lumbar puncture yielded slight cloudy CSF with improved parameters: PMN 180/mm 3 and protein 1.2 g/L. The CSF culture remained negative for K. pneumoniae, and thereafter, until the patient was discharged 73 days later.
Microbiological characteristics of KP_06
The KP_06 strain showed resistance to cephalosporins (ceftriaxone, ceftazidime, and cefepime), β-lactam/β-lactamase inhibitor combination (ampicillin-sulbactam and piperacillin-tazobactam) and aztreonam, while susceptible to fluoroquinolones, carbapenems, and tigecycline (Table S1 ). The coexistence of bla CTX-M-3 and bla CTX-M-14 in this strain was subsequently identified by PCR and sequencing.
A viscous string longer than 30 mm by the string test was observed in the KP_06 strain, suggesting HM phenotype. The strain was determined to be ST65 (gapAinfB-mdh-pgi-phoE-rpoB-tonB: 2-1-2-1-10-4-13) and capsular serotype K2 by PCR and sequencing. Several virulence genes including fimH, wabG, ybtS, mrkD, uge, and entB and the pLVPK-derived loci (rmpA, rmpA2, iucA, iutA, and iroN) were detected in KP_06. A pLVPK-like virulence plasmid of approximately 170 kb was further confirmed by hybridization of S1-digested DNA with rmpA2 probe ( Figure S1 ).
In vitro and in vivo virulence assessment of KP_06
The growth rates between KP_06 and other two strains (KP_07: ST23:K1 strain and KP_36: KPC-2-producing ST11 K. pneumoniae strain) were not differently significant ( Figure S2 ). Figure 1A depicts the ability of biofilm formation of the strains. The level of biofilm formation of KP_06 was similar to that of KP_36, while significantly lower than that of KP_07 (OD 570 nm , 0.29±0.01 vs 0.83±0.10, P<0.001). According to the criteria established by Saxena et al, 23 the cutoff OD value (OD C ) in our study was determined as OD 570 nm = 0.29, hence the KP_06 and KP_36 were identified as nonbiofilm producers (OD 570 nm ≤ 0.29), whereas the KP_07 was moderate producer (0.58 ≤ OD 570 nm = 0.83≤1.16).
Serum killing sensitive grades 1 and 2 were found in KP_06 and KP_36 strains, respectively, whereas KP_07 showed serum resistance (grade 6) ( Figure 1B) . Consistent with the results of biofilm formation and serum killing assays, the KP_06 strain produced very low mortality rate in G. mellonella, leading to about 70% survival of G. mellonella at 48 hours after being challenged with 10 6 CFU of bacteria. The KP_36 showed to be more virulent than KP_06, resulting in 50% survival at 48 hours after being challenged with 10 6 CFU of bacteria. The classic ST23:K1 strain KP_07 resulted in 0% survival at 36 hours, displaying the most virulent strain ( Figure 1C ). Data about the effects of other inoculums of the strains are available in Figure S3 .
comparative genomic analysis
The genome sequence of KP_06 was 5,655,975 bp in size and had a GC content of 56.9% in 65 contigs, with N50 spanning 259,669 bp. The general genomic features of KP_06 are listed in Table 1 . Although KP_06 and five other publicly available K2 K. pneumoniae strains (RJF293, U25, 52.145, hvKP1, and NUHL24835) displayed HM phenotype, they belonged to varied STs (Table 2) . Pairwise SNP analysis for these six strains based on their raw sequencing reads showed that their core genome differed much from each other (Table S2) , which consistent with the results of comparative chromosome analysis visualized by the circular maps ( Figure 2A) . Further comparative genomic analysis identified 1,378 shared orthologies among the six K2 K. pneumoniae strains, whereas the KP_06 contained seven unique orthologies ( Figure 2B ). We also analyzed the functional classification of ortholog clusters using the COGs' database. The results obtained are summarized in Table 3 . The most abundant category in the shared orthologies was amino acid transport and metabolism 
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Virulence and genomic features of a K2 K. pneumoniae (172), followed by carbohydrate transport and metabolism (140), and inorganic ion transport and metabolism (124). The unique orthologies of KP_06 were identified as involved in (V) defense mechanisms, (Z) cytoskeleton, (M) cell wall/ membrane/envelope biogenesis, (H) coenzyme transport and metabolism, (D) cell cycle control, cell division, and chromosome partitioning, (I) lipid transport and metabolism, (G) carbohydrate transport and metabolism, and (S) function unknown.
Detection of virulence and antibioticresistant genes profiles by WGS
Multiple genes have been presumed associated with increased virulence in K. pneumoniae strains, hence WGS was used to identify virulence genes previously described as linked to hvKP against publicly available databases. All the six K2 strains carried the type 1 and type 3 fimbrial gene clusters (mrk and fim), the genes encoding for yersiniabactin (ybt and irp complex) and the genes involved in the synthesis of enterobactin (ent and fep). The detailed virulence genes detected are listed in Table S3 . Although in vitro and in vivo virulence assays showed that the virulence of KP_06 was low, this strain unexpectedly carried more abundant of putative virulence genes (118 virulence genes) compared with five other K2 strains. It also harbored genes including Abbreviation: cO, clusters of orthologous groups. Figure s2 . KP_07 is a sT23:K1 strain that harbored a ~220 kbp virulence plasmid and is used as positive control. KP_36 is a bla KPc-2 -producing sT11 strain that did not harbor virulence plasmid and is used as a negative control in these studies. Abbreviations: cFU, colony-forming unit; G. mellonella, Galleria mellonella; K. pneumoniae, Klebsiella pneumoniae; sT, sequence type. 
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Virulence and genomic features of a K2 K. pneumoniae iucABCD-iutA, iroBCDN, rmpA, and rmpA2, which usually located in the pLVPK-like virulence plasmid. This observation was consistent with the results of hybridization analysis, wherein the rmpA2-encoding virulence plasmid was present in KP_06 and KP_07 but not in the KP_36 strain ( Figure S1 ). Additionally, the colibactin synthesis locus clb was detected in KP_06 and RJF293.
Although it is common sense that AMR genes were rarely found in HMKP strains, β-lactam resistance genes were identified in all of the analyzed K2 strains except KP52.145. Besides the simultaneous presence of different bla CTX-M (bla CTX-M-3 and bla CTX-M-14 ) in KP_06, the presence of other β-lactam-resistant genes bla SHV-11 and bla TEM-1 , fluoroquinolone-resistant gene qnrS1, and fosfomycin-resistant gene fosA was also detected ( Table 2) .
Discussion
During the past decades, K. pneumoniae especially hvKP was recognized as the leading causative pathogen for adult Table 3 The distribution of cOgs' functional catalogs of the orthologies for the six K. pneumoniae strains bacterial meningitis in several Asian regions such as Taiwan   28 and South Korea. 29 However, to the best of our knowledge, there was only one case reporting suspected hvKP meningitis in mainland China up to now and the detailed virulence and genomic features of the causing pathogen were not investigated. 30 In the present study, the phenotypic and genomic features of a K2 HMKP causing meningitis were characterized.
The patient developing postneurosurgical meningitis was accompanied by diabetes mellitus and hypertension, both of which were well-documented predisposing factors for hvKP infections. 31, 32 The KP_06 strain subsequently isolated from CSF exhibited HM nature and carried critical virulence determinants such as HM phenotype regulators (rmpA/rmpA2) and siderophore encoding systems (aerobactin, enterobactin, salmochelin, and yersiniabactin). The association between mortality and mucoid phenotype in K2 K. pneumoniae strain had been established in infected mouse model by Yu et al. 5 Thereafter, the terms of HMKP and hvKP have often been used synonymously. 3 As the in-depth research of virulence 
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Fu et al mechanisms of this new variant, siderophores especially aerobactin are considered integral to bacterial virulence due to its ability allowing bacteria to scavenge for iron from host transport proteins. 33 Hence, recent studies viewed genetic factors associated with HM together with iron acquisition as unequivocal marker for hvKP identification. 34, 35 However, in the current case, even harboring these typical features of hvKP, the KP_06 was assigned to a lowly virulent strain by comprehensive virulence assays. Therefore, future studies focus on hvKP calling for a combination of phenotype, genomic data, and experimental virulence. The identification of biomarkers with high accuracy for hvKP would be very imperative.
K. pneumoniae isolates with high degrees of virulence and drug resistance have emerged. 7, 8, 11, 12 Our analysis showed that ESBL genes were detected in four K2 strains (KP_06, RJF293, U25, and NUHL24835), which indicated that the presence of AMR genes in serotype K2 K. pneumoniae might be underestimated previously. The successful transformation of plasmids carrying bla CMY-2 , bla KPC-2 , or bla DHA-1 genes into hvKP has been documented. 8, 36, 37 Otherwise, a carbapenemresistant K. pneumoniae strain that acquired part of an hvKP virulence plasmid causing a lethal nosocomial outbreak has been reported recently. 21 Given the KP_06 belonged to the K2 and ST65 hypervirulent clone, we speculated it might be hvKP that acquired plasmids harboring different bla CTX-M genes.
As descripted by several studies, 18 we chose a wildsusceptible hypermucoviscous ST23:K1 K. pneumoniae strain KP_07 as the control of hypervirulence in virulence assays. The KP_06 strain displayed much weaker capability of biofilm formation, serum resistance, and lethality compared to KP_07. Lavigne et al 38 demonstrated that the presence of bla KPC was accompanied by impaired virulence of the isolates in Caenorhabditis elegans model. Choi et al 39 also illustrated that the acquisition of colistin resistance leaded to the loss of HM phenotype, resulting in a decreased virulence in hvKP. These findings suggested that acquiring antibiotic resistance might impair the virulence of the clinical strains. However, comparative genomic analysis showed the virulence genes were more abundance in KP_06 than in other K2 hvKP (RJF293, 52.145, and NUHL24835). In addition, the presence of pLVPK-like virulence plasmid in this strain was confirmed. These results implied that neither possessing a virulence plasmid nor having virulence-associated genes (clusters) is equal to a higher level of virulence. Recently, Palacios et al 40 reported the mutation of two marR (multiple antibiotic resistance regulator) homologous genes, kvrA and kvrB, significantly impaired the virulence of K1 and K2 serotype hvKP strains through reducing the expression of capsule synthesis associated genes. Moreover, a strong correlation between the quantitative siderophore production and in vivo virulence of K. pneumoniae has also been identified by Russo et al. 4 Hence, it was reasonable to speculate that the decreased virulence of KP_06 might attribute to the low expression level of some critical virulence-associated determinants, but the exact mechanisms remain further exploration.
Although the in vitro and in vivo assays showed a decreased virulence of KP_06, the isolate caused a serious intracranial infection in a postoperative patient. One explanation was the disruption of skin and mucous barriers due to cervical spine surgery facilitated the invasion of bacteria, even if relatively low virulence isolate. Additionally, the actual virulence of bacteria in patients can be affected by the host environment at the site of infection. For instance, high glucose concentrations enhanced capsular polysaccharide biosynthesis of K. pneumoniae, 41 which may happen in patients with diabetes mellitus. The biofilm formation significantly induced by the subinhibitory concentration of imipenem in Acinetobacter baumannii has also been reported. 42 Further experiments to evaluate the virulence of KP_06 under stress conditions, such as antibiotics, are needed.
Conclusion
We investigated the virulence and genetic features of an HM K. pneumoniae strain (KP_06) collected from human CSF. Although displaying typical hypervirulent characteristics, this coharboring bla CTX-M-3 and bla CTX-M-14 K2 and ST65 K. pneumoniae was demonstrated to be a lowly virulent strain by in vitro and in vivo methods. However, the detailed mechanisms concerned with an impaired virulence of this strain remained further exploration. Although it is thought that the prevalence of K. pneumoniae strain with high degree of drug resistance and virulence will pose great threat to public health, our study still makes a valuable addition to the growing knowledge of the evolutionary relationship between resistance and virulence in K. pneumoniae.
Consent for publication
Written informed consent for publication of the individual details was obtained from the patient.
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Supplementary materials
Figure S1 s1-PFge and southern hybridization analysis of the K. pneumoniae strains. Notes: s1 nuclease digestion of total Dna of K. pneumoniae isolates was followed by PFge. Plasmid bands are shown as linearized fragments on the gel. 
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